Current research aims to investigate the influence of calcination temperature on the pozzolanic activity of the waste kaolin and the impact of calcination products on Portland cement hydration. The raw material with approximately 85 % kaolinite was calcined to temperatures ranging between 500 and 1000 °C. The clay and its calcined products were characterized by TGA-DTA, SEM-EDS, XRD, FT-IR and BET. The pozzolanic activity of the calcined products was assessed by electrical conductivity test and compressive strength in mortars with 30 % substitution of Portland cement. The effect of calcined products on Portland cement hydration was characterized by XRD and SEM. The results showed that the calcination temperature had an important influence on mineral phase transition and the pozzolanic activity of calcined products. The degree of disorder and pozzolanic activity of calcined products at 800 °C was the highest at temperatures ranging from 500 and 1000 °C. The impact of calcined products on the hydration of blended systems was a combination of a filler effect at early ages and the pozzolanic reaction at later. The experimental results indicated that calcined products of waste kaolin constituted a potential source of high reactivity pozzolanic materials.
INTRODUCTION


The annual global cement production has reached 4 billion tons according to data from the European Cement Association. However, the cement industry has faced many challenges in recent years. On the one hand, cement production releases massive CO2 gases and generate SO3 and NOx gases, which caused the greenhouse effect and incurred serious environmental impacts [1, 2] . On the other hand, large amounts of energy and virgin materials were consumed in the cement production [3] . To reduce environmental damage and exploitation of natural resources, cement industry is actively looking for solutions [4] . One way to reach this objective is the use of industrial waste and by-products, such as fly ash, blast furnace slag, steel slag and silica fume, as clinker in the final composition of the cement. However, the reserves and forecast production of these materials do not meet the growth in demand for cement, the characteristics of these material are controlled by their production process rather than cement industry and their availability is closely related the economy development level [5] .
It is in this context that calcined clay is becoming more prevalent as an alternative to cement clinker in the industry, because of their wide geographic distribution and excellent pozzolanic activity once calcined under suitable conditions. Calcination of clay minerals at temperatures ranging between 550 °C and 950 °C produces an amorphous silica compound, which is a very reactive aluminosilicate pozzolan [5] . The production of calcined clay reduces the amount of energy used and CO2 emissions, which because calcination temperatures are lower than that of clinker and decomposition of clays emits water vapor rather than CO2. The studies on calcination of different pure clays including kaolinite, illite and montmorillonite have shown that kaolinite has the highest pozzolanic activity and a lower activation temperature. However, pure kaolinite was relatively few in number and had a relative high price in comparison with other cementitious materials. The kaolin deposits generally contain a mixture of different clay minerals such as kaolinite, illite, and montmorillonite and relative large quantities of impurities such as quartz, feldspars, mica, rutile, hematite, sulfides, cristobalite and calcite [6, 7] . The purification processing of natural kaolin is technically complicated and a costly barrier [7] , which could require large processing facilities, consumes a lot of water and energy [7] . As a result, the potential to use natural kaolin as pozzolanic materials is of great interest.
Natural kaolin is widely widespread in pyrite-bearing strata, southwest of China. In the process of pyrite processing, a large number of kaolin were separated from the pyrite by floatation and disposed in tailings ponds, landfills or quarries. At present, these kaolins have not as yet been exploited, which not only waste natural resources but also occupy a lot of land and cause adverse effects to the local ecological environment. In this work, the waste kaolin clay from a tailing pond in the locality, having a significant content of impurities, such as rutile and calcite, was calcined to prepare pozzolanic material. The influence of calcination temperature on the pozzolanic activity of waste kaolin and the impact of the calcined products on Portland cement hydration were assessed in this paper. The findings would aid in the utilization of available waste kaolin as potential pozzolanic material.
EXPERIMENTAL
Raw materials
The waste kaolin was obtained from a tailing ponds at Xuyong, a typical kaolin deposit located at the province of Sichuan, China. The clay from the tailing pond was gray in color and was not exploited at local. The chemical composition of the sample from XRF analysis is summarized in Table 1 . The results showed that the main chemical compositions of raw materials were SiO2 and Al2O3, accounted for 69.17 %. The used waste kaolin was obtained after flotation of pyrite, and this means that it might contain some residue of pyrite, which was a critical point of its application in cement. However, the results displayed that the content of SO3 was only 1.74 %, which was less than the allowable maximum prescribed values 3.5 % in the national standard GB/T 2847 -2005. According to XRD analysis, the major mineral constituents were kaolinite [Al2Si2O5(OH)4] accompanied with small amount of calcite [CaCO3] and anatase [TiO2] . Based on characteristic XRD peaks of each mineral in combination with the chemical analysis the estimated content of kaolinite, calcite and anatase was about 85, 8 and 5 wt.%, respectively. Therefore, the sample could be considered as high-grade kaolinite mineral resource. The median of the particles in the sample was determined to be 37.92 μm using a laser diffraction particle size analyser, Beckman Coulter, LS 13 320, this was benefit to reduce crushing and grinding cost. The specific surface area (BET) of raw materials was determined to be 24.95 m 2 /g using Quantachrom Autosorb 1MP sorption analyzer. 
Calcination and grind of waste kaoin
After being dried at 105 °C for 24 h under air recirculation, waste kaolin was introduced in a programmable laboratory furnace once the desired calcination temperature was reached. After calcination, the calcined products were quickly cooled down to room temperature. Calcination of kaolinitic clay at temperatures ranging between 450 °C and 700 °C produces metakaolinite. The calcination time was fixed to 120 min for all calcination temperatures. Calcined products were ground for about 30 min by GSDM-S3 ultrafine stirred mill to obtain better performance of pozzolanic materials. After grinding, particle size distribution of all the calcined products at different temperatures was very close: the D10 (10 % v/v particles are smaller than this size), D50 (median particle diameter), and D90 approximately were 1 μm, 8 μm, and 26 μm, respectively (measured by a laser diffraction particle size analyser, Beckman Coulter, LS 13 320). This allowed that all samples could be used to compare the pozzolanic activity.
Experimental methods for characterization of waste kaolin and their calcination products
Thermal behavior of waste kaolin including TG-DTA was examined using an analyzer (Netzsch STA 449C). The samples were heated at a constant rate of 10 °C/min from ambient temperature to 1000 °C in air atmosphere. The morphology of the waste kaolin was observed using scanning electron microscopy (Zeiss UItra55) and energy dispersive X-ray spectroscopy (Zeiss IE450X-Max80). The XRD data were collected on a Panalytical X'pert Pro diffractometer using Cu-Kα graphite-monochromatized radiation (λ = 1.5418 Å) in the 2θ range 3 -80° (step size: 0.02° 2θ, time per step: 0.8 s). The working conditions were 40 kV and 30 mA. FTIR measurements were performed on a Perkin Elmer Spectrum 400 on the solid sample prepared using KBr pressed disk technique over the wave number range of 4000 -400 cm −1 . Surface area analyses were measured by the Brunauer-Emmett-Teller (BET) gas sorption method using the Quantachrom Autosorb 1MP sorption analyzer.
Assessment of pozzolanic activity
The pozzolanic activity of calcined products was measured by electrical conductivity test and strength activity index (SAI) calculated as the ratio of the compressive strength of blended cement to the strength of the Portland cement (PC) at 3, 7 and 28 days of hydration. Electrical conductivity test was determined using a similar procedure to those proposed by Luxan et al [8] . and modified by Yu et al [9] . 0.3000 g Ca(OH)2 were added to a glass beaker containing 200 mL deionized water at 40 ± 1 °C. The original electrical conductivity (E1) of Ca(OH)2 solution was measured using a Jeway 4010 conductivity meter. And then 5 g of calcined products was added with the solution under continuous stirring. After 2 minutes, the second electrical conductivity (E2) of Ca(OH)2 solution was recorded. Difference value of electrical conductivity between E1 and E2 was used to display the pozzolanic activity of calcined products.
Compressive strength was assessed on mortar cubes (40 × 40 × 160 mm) made with standard sand (1:3) and a water/cementing material ratio of 0.50. Control mortar cubes were prepared using PC. The blended cement was composed by 30 % w/w of calcined products and 70 % w/w of Portland cement. The mortar was mixed in a planetary orbital mixer for 5 min and the specimens molded and compacted according to Chinese National Standard GB/T17671 -1999. The mortars were first cured in a fog room at 20 °C and 95 % relative humidity for 24 h, and then they were stripped from their molds and placed in water at 20 °C until testing ages. At the age of 3, 7 and 28 days, the compressive strengths were measured the average of three specimens using universal testing machine ETM-305F-Z.
Finally, the strength activity index (SAI) was calculated as the ratio of the compressive strength of blended cement mortar (A) to the strength of the PC mortar (B) at the same age, as percentage.
Analysis of hydration product
The hydration products of samples were prepared on pastes cubes (20 × 20 × 20 mm) made with a water/cementing material ratio of 0.5. The cementing material consisted in a blend of 20 -30 % by mass of calcined products under the optimum conditions pastes and 80 -70 % of PC. A pastes containing 100 % of PC was also studied. When the specified curing ages were reached, the hydration reaction of the cement paste was stopped by crushing the paste specimens into pieces of about 3 -5 mm size, and then immersing them in ethanol for 24 h. After that the paste sample was dried in vacuum desiccators at 40 °C for 24 h. The specimens were then grinded into fine powder to be used in XRD and SEM measurements. The measurement conditions of the XRD and SEM was same as above work.
RESULTS AND DISCUSSION
Characterization of waste kaolin
TG-DTA was used to analyze thermal behavior of waste kaolin and was shown in Fig. 1 . In the TG curve, the mass loss was 1.51 % at below 120 °C, corresponded with the removal of water adsorbed from waste kaolin surface. While, in the DTA curve, endothermic peak was weak during this desorption process. The second significant the mass loss in the TG curve was 11.21 % in the temperature range 450 -630 °C, which was associated with de-hydroxylation of kaolinite and formation of metakaolin. The center of the endothermic peak was located at ca. 510 °C in the DTA curve. The third event in the TG curve was located in the temperature range 680 -730 °C, the mass loss was 1.26 wt.% due to decomposition of calcite. The center was located at approximately 704 °C in the DTA curve. The last effect was recorded in the DTA curve was exothermic peaks at 990 °C, which was related to recrystallization and mullite formation according to the following reaction: (2Al2O3⋅3SiO2) → 2(3Al2O3•2SiO2) + 5SiO2. The mullite formation reduced reactivity and pozzolanic characteristic of the calcined products [10] .
Fig. 1. DTA-TG curves of waste kaolin
The SEM-EDS micrographs of waste kaolin were presented in Fig. 2 . Typical plate-like particles arising from lamellar structure of kaolinite crystals were dominant in the raw materials. SEM images of the sample presented an incomplete or irregular of crystal edge and an inhomogenous particle size distribution. It was difficult to find the impurity minerals in the SEM images (Fig. 2 a and  b) , such as calcite and anatase, because of their low content. In general, the influence of iron and titanium on the whiteness and quality of kaolin was significantly. In order to clarify the micro-distribution of Fe and Ti, the element mapping for Fe and Ti was detected by SEM-EDS analysis (Fig. 2 c and d) . The results showed that Fe and Ti were uniformly distributed in the raw kaolin and their quality percentage was 0.86 % and 0.91 % respectively. The existence of Fe and Ti impurities would greatly affect the quality of raw kaolin [11] and decreased its commercial value [12] . In addition, the fineness of these impurity minerals was so small and highly dispersed distribution that they were not separated from kaolin by common methods, such as flotation and bleach. Therefore, calcined the waste kaolin as pozzolanic admixture in Portland cement was suitable, because it not only could be consumed the waste kaolin on large scale but also could not consider the impact of impurities. Fig. 3 presents the XRD patterns of waste kaolin after calcination in the 500 -1000 °C range, as well as the XRD patterns of the untreated kaolin. As it was observed at 500 °C, obvious diffraction peaks still appeared at 2θ = 12.41°, corresponded to the planes (001) of kaolinite, indicating that crystal structure of kaolinite had not been completely destroyed. However, the characteristic reflections of kaolinite were reduced, which suggested that a significant decrease in the crystallinity as well as kaolin to amorphous transformation had occurred. At 600 °C, practically all peaks corresponding to kaolinite had disappeared, illuminating a very significant loss of crystallinity. The XRD patterns at 700 °C shown that the characteristic reflections of calcite were removed at 2θ = 23.19°, 29.48°, 36.04°, and 39.28°. This was in good agreement with the TG-DTA analysis which confirmed endothermic decomposition of calcite at ca. 700 °C. At 800 °C, the characteristic diffraction peaks at 2θ = 25.26°, 47.91°, 53.94°, and 62.59° corresponded with anatase that was the significant crystalline mineral in calcined products. Calcined products shown very clear weak diffraction peaks at 2θ = 27.39 resulted from rutile at 800 °C indicating the transformation of the anatase crystal structure. The mullite were observed from the XRD patterns of calcined products at 900 °C and 1000 °C, which implied the recrystallization of the metakaolinite [13] . Compared with all XRD patterns, the degree of disorder of the calcined products was highest at 800 °C which might have high pozzolanic activity.
Characterization of the calcined products at different temperatures
Fig. 3. XRD pattern of waste kaolin calcined at different temperatures
Complementary insights into the structural changes that waste kaolin underwent by thermal treatment were obtained using FTIR spectroscopy (Fig. 4) 3+ in kaolinite to tetrahedral coordination in metakaolinite. The bands at 1100 and 1200 cm -1 were assigned to amorphous SiO2. The characteristic bands of calcite had totally been disappeared after the thermal treatment over 700 °C. From XRD and FTIR analyses, both techniques confirm the transformation of kaolinite into reactive amorphous phase by heat treatment.
Fig. 4. FTIR spectra of waste kaolin and its calcination products at different temperatures
Previous research suggested that pozzolanic activity was not only determined by chemical composition and structural disorder, but also by specific surface area [5] . Fig. 5 a showed the relationship between the specific surface area of calcined products and the calcination temperature. Fig. 5 . a -specific surface area of calcined products at different temperatures; b -nitrogen adsorption and desorption isotherms of waste kaolin and calcinated at 800 °C The gradual decrease of specific surface area was seen from 500 to 1000 °C. The reason was that the agglomeration of the metakaolinite crystals at 500 to 800 °C and solidphase sintering at 800 to 1000 °C [5, 17] . The nitrogen adsorption/desorption isotherm of raw kaolin and calcined products at 800 °C were shown in Fig. 5 b. It could be seen that raw kaolin showed an IV type N2 adsorption isotherm with an evident hysteresis loop indicating the presence of mesopores in the sample. However, calcined products at 800 °C had not obvious hysteresis loop because of structural collapse. This phenomenon was consistent with the specific surface area analysis.
3.3.
Pozzolanic activity of calcined products/discussion of the calcination temperature selection The pozzolanic materials can consume calcium ion in aqueous solution by the pozzolanic reaction, resulting in a decrease on electrical conductivity of aqueous solution. So, the electrical conductivity decrease values were often used to evaluate the pozzolanic activity of materials [18] . In order to clarify the variation of electrical conductivity at different calcination temperatures, the electrical conductivity difference value of lime-water solution before and after the addition of calcined products were summarized and shown in Fig. 6 . The results showed that the variation of electrical conductivity difference value was significant from 500 -1000 °C, which implied the difference reaction activity of calcined products with Ca(OH)2. The electrical conductivity difference value of lime-water solution before and after the addition of calcined products at 500 -800 °C constantly increased, which revealed that increasing of calcination temperature could enhance the activity of the calcined products, which was related to the increase of the content of amorphous active substance. Although calcite decomposition produced calcium oxide that might dissolution in liquid and impact electrical conductivity, the content of calcium oxide was so low that trend of loss of electrical conductivity was not great affected. The maximum electrical conductivity difference value was calcined products at 800 °C, indicating that the best calcination temperature was 800 °C. The electrical conductivity difference value significantly increased from 900 °C to 1000 °C, which meant that further increase in calcination temperature reduced the pozzolanic activity. According to XRD and FTIR analysis, this decrease might be due to the generation of new phase with low pozzolanic activity. Besides, the variation trend of electrical conductivity difference value was not consistent with the specific surface area, which might be related to the content of active silica and aluminum.
The SAI was the ratio of the compressive strength of blended cement mortar to the strength of the PC mortar at the same age, which was used to indirectly reveal the pozzolanic activity of cement admixture. The results of compressive strength (CS) of PC and Portland blended cements and the SAI were summarized in Table 2 . At 3 days and 7 days, it could be observed that the addition of calcined products caused a reduction in the CS (SAI < 1.00), this reason was that the amount of hydration products formed through the pozzolanic reaction did not yet compensate for the dilution effect. At this stage, the main contribution of calcined products to the hydration process was strongly related to the filler effect, where the degree of reaction of the clinker phases was enhanced due to the extra space available for the hydrates to growth, to the higher water to clinker ratio and to the extra surface provided by the very fine calcined products, that could act as nucleation sites for the hydration products. At 28 days, calcined products mortar presented a SAI greater than 1.0, with the exception of 500 °C (SAI = 0.97), implying that the contribution of pozzolanic reaction could compensate for the reduction of cementitious materials. It also can be seen that, with the increase of calcination temperature, the SAI of calcined products at each age significantly increased until reaching the maximum at 800 °C. As calcination temperatures further increased to 900 and 1000 °C, the SAI of calcined products slowly decreased because that aluminosilicates recrystallized and the specific surface area decreased. However, the SAI of calcined products 900 and 1000 °C more than 1, which indicated that even at this high calcination temperature there was still some contribution of the reaction of the calcined material. The blended cements with calcined products at 800 °C had the highest compressive strength at all test ages, demonstrating that 800 °C was the best calcination temperature.
Effect of calcined products on hydration of PC and formation of hydration products
In order to further evaluation the effect of calcined products at 800 °C on the hydration of blended systems, phase composition and microstructure of the hydration products of pure cement paste and calcined products blended cement paste at different ages were analyzed and results were shown in Fig. 7 and Fig. 8 . The results shown that the main hydration products of blended systems was calcium hydroxide (CH), ettringite (Ett) and calcium silicate hydrate (CSH) at 3 day and 28 day, which suggested that calcined products did not change the types of hydration products [19, 20] . At 3 days (Fig. 7 a) , the peak intensity of CH decreases as the content of calcined products increases due to the dilution effect rather than the pozzolanic reaction according to previous research. At 28 days (Fig. 7 b) , the peak intensity of CH from blended cement paste was lower than pure cement paste and blended cement paste at 3 days, which might because CH was consumed by pozzolanic reaction with calcined products [7, 21 -23] . The pozzolanic reaction between CH and calcined products formed calcium silicate hydrate, decreased the pores of crystalline hydration products, made the microstructure denser and improved the impermeability and durability. Besides, the diffraction peak of anatase as the impurity minerals was observed, which suggested that anatase did not participate in the hydration reaction and might play a role of fill effect in the paste.
The SEM images of pure cement paste and calcined products blended cement paste at 3 and 28 days were shown in Fig. 8 . At 3 days, it could be seen that ettringite needles in calcined products blended cement paste was more than pure cement paste, which might be because that calcined products delayed hydration of the cement. In this period, the degree of reaction of calcined products in blended cement paste was low [24] . The calcination products mainly played the role of the dilution effect and fill effect in pastes. At 28 days, the microstructure of cement pastes had become denser and stronger. The ettringite needles were no longer seen, probably being converted to monosulfate resulting in the densification of the microstructure. Comparting the microstructure of cement paste with and without calcined products at 28 day, it is found that although the basic hydration products displayed no great differences, there was more crystalline CH in pure cement paste. Similar results were reported by Zhang [25] . This observation also showed that the CH was consumed by pozzolanic reaction with calcined products in blended cement paste, and it was in good agreement with the XRD analysis of hydrated pastes.
CONCLUSIONS
The investigation on waste kaolin from southwest of China used for the preparation of pozzolanic material by calcination at 500 -1000 °C, showed that the calcined products mainly was metakaolinite and had high pozzolanic activity. The de-hydroxylation behavior of waste kaolin occurred at 450 -630 °C. The transformation of the anatase crystal structure and recrystallization of the metakaolinite occurred around 900 °C. The results of electrical conductivity test and strength activity index test of calcined products were consistent, which showed that the optimal calcinations temperatures for conversion into metakaolin with a high pozzolanic index were 800 °C. The solid-phase sintering at higher temperature decreased the pozzolanic activity. XRD and SEM analysis of the hydration of blended systems could conclude that the calcined products had high pozzolanic activity and could consumed calcium hydroxide by pozzolanic reaction. Therefore, waste kaolin from southwest of China could be used as pozzolanic material by calcination, which would minimize environmental problems and consume waste resources.
